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We demonstrate null shifting over a 1 GIIz bandwidth using a fiber
optic and integrated optic transversal filter. The -null depth for our
system is greater than 70 d13 measured with a 10 KIlz IF bandwidth.
The null shifting is achieved by varying the tap weight values. Null
shifting in the response of a transversal filter is directly related to null
steering for a radar direction finder. The fixed delays consist of optical
fibers cut at 10 centimeter increments. Integrated optical 2x2 couplers are
used as the tap weights. The weighting is controlled by an applied
voltage. The depth of the null is limited by the dynamic range of the
source/detector combination. Ordiinary fixed weight fiber optic transversal
filters are subject to dynamlic range and bandwidth linitations due to
errors in cutting the fiber lengths. This problem can be remedied by
using variable taps to shift the null frequency. The null depth and
resolution is not detrimentally rfected by using this approach.

I. 1NTROI)ICI'ION

Fiber optics and passive optical devices have low insertion loss over a large
bandwidth. Several efforts have been made to take advantage of the characteristics of
fiber optics to solve some phased array radar problems. For example, fiber optic
delay lines are used in pliased array radar to do direction finding., Usually the
aiigular response of the antenna array is controlled by the delay line lengths.
Recently, some groiups have developed new techniques for varying the (ela0ys.'
Althoiugh the delay lines (caII change the angle of peak reslponse of the direin fi (Ider,
they call not change the shape of the response or the relative location of nulls.

In this paper, we preselt niull shifting results for a fiber optic FIR filter using
variable tap weights. The performance of this filter relates directly to the
.performance of a radar direction finder or beam former. Frequency null shifting in
the filter corresponds to changing the nulls in the angular respIonse of a directionl
fiider. A dia.,raun of a fi her optic ilR. filter and a diagra;ui of a fiher opLic dire l,ioU
fiider are slhoVn i) Fig. 1. loli systei us cotusust of weigi ted fibher optic delay lilies.
The difference in tile delay lille lelgths, At, deternihies the sanplinig frequnCIcy , f,, of
the filter, or tlie ai gle of arrival for l)eak respoiise, 0(4, for the diirclioi findler. Tile
relatiolusiliilp hetwcvn' these (jai, ie, s is givel ill ('qliatioll (1)
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Fig. 1 a. FIR filter implementation. Fig. l b. Direction finder implementation.

where ng is the group index of the optical fiber, and d is the separation between
antenna elements. 7-s is the sampling period, 1/f5 . The major difference between the
construction of tile two systems is that the FiR filter has only one signal inl)ut,
whereas the direction finder has a separate input from each element of the antenna
array.

2. EXPERIMENT

The filter was a basic transversal filter with taps and delay lines as shown in Fig.
la. The response function of this filter is given by:

N-1
Y(t) = Wk" X(t-k) (2)

k=0

Y is the filtered output, W is the value of the kth tap weight, and N is the number
of taps.

The laser source was a 1.3 pin laser diode (LD) operating at 48 mW CW output
power. The input signal, X, was introduced by RF modulating an integrated optic
two by two coupler (1OC). The intensity modulated output was coupled into seven
different taps via 3 dB fibcr couplers and 1x4 trees. The fiber optic delay lines were
cut so the differences in length were as near as possible to 10 centimeters. For the
fiber group velocity, ng, 10 cm corresponded to ain effective sampling frequency of 2
Glz.

Each tap of the FIl. filter was weighted by a different lOC. Only one inllUt and
one output ol each lOC was used for this application. The intensity of the light
passed by the lOC was controlled by an applied voltage. The weighted signals were
collected by an asyinri letric star Coul)lcr and (liecte(l to an InGaAs avalanche
plhotodletector. (I) ll). The signial, Y(t), at the detctor' WVIS the iilIereC-IIt sLIIII Of the
optical intensities roim each tap. ,',ie intensity passed by each tap was measured
separately. Then the bias voltages were set so the filter weights were normalized to
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the tap with the lowest mnaximum output power. Computer controlled voltage
supplies were used to automate this process.

A network analyzer was used to characterize the filter response. The IOC use(l to
modulate the laser beam and the high speed detector both had some roll off in their
response to high frequency signals. We corrected for the modulator/detector high
frequency roll off in all of our measurements of the FIR filter response. The
correction was done by dividing the FIR filter response spectra by the
modulator/detector spectrum. Although this technique eliminated the roll off problem,
the laser diode, modulator, and detector noise were not eliminlated.

The corrected response of a FiR filter (weights: Wo=W=W 2=I and W 3-(;=O) is
shown in Fig. 2a. The dotted line shows the computer simulation of the response of
a perfect filter with these weights is also shown in Fig. 2a. The computer simulation
assumes exactly 10 cm length differences and complete extinction at the unused IOCs;
W 3-6. The discrepancy between the actual null frequency and the predicted null
frequency of one third the sample frequency is due to errors in cutting the fiber
lengths. An adjustment of the weights can be used to correct for this discrepancy as
shown in Fig. 2b. Here the middle tap weight, W1, was varied until the filter
response matched the computer prediction. Details of this process are discussed below.

3. Ntill Shifting Technique

The variable weights in this FIR filter made it possible to shift the frequency of
tile nulls in the filter response. In most fiber optic and analog systens null shifting
is achieved by changing the delay between taps or by changing the phase of the tap
weights. However, minull shifting can also be done with real weights.
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Fig. 2a. Frcqucncy response of the three tap Fig. 2b. -recquency response of the three tap
filter. "lI1) weights close to unity (solid curve) filter. "lTaIp weights adjusted (solid curve) in
and computer sItion (dotted Cur1VC). order to shit 1ull to coincide with Comluptcr

siul at ion (dotted curve).



Tfhe transfer function of an N tap transversal filter (in the frequency domain) is
given by thle expression:

11(f) = 7o + Y,,ie 2 7WfTs + e i27r2fTS + + (3)rf~

where Xi are dumimy weights. Iii general, the weights canl take onl real or imnaginiary
values where imaginary values represent phiase shifts. In a fiber optic transversal filter
tile weights are all real. As an example, we will describe how the weights are chosen
to set one null for a three tap) filter. The calculations for larger filters are similar.
WhVlen Ltre numii ber of filler Laps, N, is odd(, thien (N-I) /2 infl is cani be inzdepenidenmtly
controlled. If N is evenm thle one null is always fixed at fs/2 and thle number of
independently controlled nulls is (N-2)/2. To find the weight values which Will give
real nulls at any arbitrary frequency, fn, we need to solve equation (3) for =if~ 0.
Since we do not want any solutions that require complex weights, we separate (3) into
two different equations.

0 = Xo' + 7rcos(x)± Ycos(2x) (4a)

o = fisini(x) + 7rsin(2x) (4b)

In these equations x =- 2rf11 T. Since only the relative values of the weights are
ilujportant, we can set onie of the weights to an arbitrary constant to scale thle
solution. We choose to set 7 2 = 1. Then the solutions are:

7f =I 7r. sin 2x) and = . (X)

Since thle absolute value of the weights call not exceed 1, we inst, niormialize the
weights sep~arately for each nmull frequency we select. T1hie normralizationis are
calculated using MAX =maximum {j~oj, jI'j, jj. The new weights are:

W 0 7r, W1-= Y, and W2=W7V2~ (6)

These solutions are lplotted versus dlesired l mill freqIlieircy in Fig. 3. We find that
with only dirce filter Laps, thle inull call lbe shi fted over Lile ent ire lr-(( ieni(y band withi
p)ositive and negative tai) weights. With onily positive tap weights we can shift the
nmull fromn 1/4 the samplinig frequency to 3/4 the sainphii g freqjuenmcy. We checked the
theoretical results experinnialy using only three tups of our FIR l.filter. We set, the
first and L i rd L;11) to WO(= W') 1, and we increalsed t'l ne iliddle Lap weight fromili

W,= 0 Lo W, I . The exp~erimnnnital data is shown in thre frequenCIcy range from
500 to 667 Milz in Fig. 3

We have (len irolistratCl ho0w a nutll cain be placed at anry arbI it.ry frcquter cy by
controlling thle weights of a three Lap) filter. Si niirlay, two nuuills ca1n be p~la(edl at
two (differenrt amrlhtarnv frequeniclcies with a 5 tap) fiIter', eOx. A coursequneir-c o;f these
reCsults is tha na11l sitlig can11 be perIforiied for larlge bauldwid'1m signalls a1urd high
saimJl)linrg nalles rising fiber optic t('eclmiqIcms. lilter lmull shiltitg is ( ii-i'tI' a u11,1logolns
to iuill steerimrg ilr a nmaa (himctmumi linitlr. It, is nt, possible to chr1airge tHie airgie of'
peCa< resi pease (of a r ltud eeL ion fi nrder withi fixed delays. II owevecr, it is p~ossi ble to
conitrol the mu1r1his.



4. DISCUSSION

Bearnforming and direction finding can be performed on high bandwidth radar
signals using fiber op~tic delay lines. By using variable weights, we have circwnllventcd
the usual limitations imposed on direction finders with fixed delays. Thle angle of

peak response of the direction. finder
1 is determined by the delay lines,

* whereas the,. null angles depend on
he the weights. A change in null
W frequency in the Flit filter response

is related to the change in the angle
of time direction finder null. Thle

0 weights can be used to sweep) a null
in~ thaguarrepos of adirection

finder through 180. Unfortunately,
-0.5 the niull angle is HIE frequency

z dependent. Shnuilarly, the directionm
finder delay lines call be used to

12------------- change the angle of p~eak response.
0 23 4 5 6 7 8 9 10 If a system were constructed which

Null Frequency (1iz) X 108 implemenC~ted both variable delay lines
and variable weights, the resp)onse of

Fig. 3. Demnonstration of null frequency the direction finder for RF frequency
shifting by varying center tap weight and incident angle could be better
(dotted curve) with first and third tap weight controlled.
held constant (solid curve).
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